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Klebsiella pneumoniae MGH78578 contains 500 uncharacterized signaling proteins and in this
study, we characterized the biological functions of a novel eukaryotic-like serine/threonine kinase;
ESTK (KpnK). Studies demonstrated that KpnK undergoes autophosphorylation within the pH range
7.0–7.5 at 37 C in a time- and concentration- dependent manner, with Mn2+ as its cofactor. The
DkpnK mutant exhibited higher sensitivity to gastrointestinal and oxidative stresses. Deletion of
kpnK resulted in a two to threefold increased susceptibility towards imipenem, cefepime, ceftriax-
one and ceftazidime. Our study has provided overall evidence for the involvement of ESTK in regu-
lating bacterial physiology, stress response and drug resistance. This report has unmasked the
occurrence of Ser/Thr kinase mediated signaling for the ﬁrst time in K. pneumoniae.
Structured summary of protein interactions:
KpnK phosphorylates KpnK by protein kinase assay (View interaction).
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Klebsiella pneumoniae is an important cause of morbidity and
mortality [1,2], as it is among the common gram-negative bacteria
encountered by physicians worldwide and its occurrence in com-
munity-acquired infections is on the rise [3]. K. pneumoniae is a
gram negative non-motile, rod-shaped bacterium equipped with
a diverse range of virulence factors, which contribute to broad
range of diseases [4]. Klebsiella are known for their propensity to
acquire novel mechanisms of multidrug resistance, resulting in
the increased emergence of multidrug resistant K. pneumoniae
which severely limits the therapeutic options for infected individ-
uals [5]. The signaling pathways which enable Klebsiella to evolve
diverse drug resistance mechanisms and cause severe infection re-
main an important ﬁeld of research. A recent comparative analysis
of bacterial sequencing data showed that one-component regula-
tory systems (in contrast to the classical paradigm of two-compo-
nent regulatory systems) are, in fact, the most profuse signaling
systems in prokaryotes [6].
Open reading frames encoding one-component systems, such as
the eukaryote-like serine/threonine kinases (ESTKs) and their cog-
nate phosphatases, have been found in many sequenced microbialchemical Societies. Published by E
han).genomes and have emerged as critical prokaryotic signaling mole-
cules over the past decade [7,8]. The ﬁrst characterization of an
ESTK was in the soil bacterium (Myxococcus xanthus), and since
then ESTKs have been identiﬁed in several other bacteria, including
Pseudomonas aeruginosa, Streptococcus agalactiae, Streptococcus
pneumoniae, Streptococcus pyogenes, Streptococcus mutans and
Bacillus subtilis, as well as Mycobacterium tuberculosis [9]. ESTKs
have been implicated in development, stress responses and patho-
genicity [10], and are pivotal for host colonization and the onset of
infection, as they inﬂuence the capability of bacteria to replicate,
adhere to host cells, form bioﬁlms and cause disease [11,12]. Phos-
phorproteome of mid-log phase cultures of K. pneumoniae NTUH-
K2044 revealed 117 phosphopeptides in which there were 93 dis-
tinct phosphorylation sites at Ser (29; 31.2%), Thr (14; 15.1%), and
Tyr (24; 25.8%), respectively [13] clearly suggesting the role of
ESTK mediated signaling in K. pneumoniae. In the present study,
we identiﬁed a single putative ESTK in the multidrug-resistant K.
pneumoniae strain MGH78578 which belongs to serotype K52
[14] using a genome-wide BlastP search. To date no ESTK has been
functionally characterized in this species. In order to better under-
stand the biology of the bacterium it is very essential to under-
stand the functions of Ser/Thr kinase mediated signaling in the
native host K. pneumoniae. Overall this study has revealed the so
far masked contribution of Ser/Thr kinase mediated signaling in
maintaining the physiology of K. pneumoniae in general and antibi-
otic susceptibility in particular.lsevier B.V. All rights reserved.
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2.1. Bacterial strains, plasmids and culture conditions
K. pneumoniae MGH78578 originally isolated from a patient
with pneumonia and a urinary tract infection in 1994; was kindly
provided by Dr. Jin Town Wang of the National Taiwan University
Hospital, Taipei, Taiwan [15]. Escherichia coli S17-1kpir and pUT-
km were used to create the knock out construct by homologous
recombination.
2.2. Gene cloning, expression and puriﬁcation
Using K. pneumoniae MGH78578 genomic DNA as a template,
a 987 bp gene encoding a putative bacterial Ser/Thr protein ki-
nase (KPN_04169, 328 aa) and the cpxR gene (KPN_04220) were
ampliﬁed by PCR using the primers kpnK-F/kpnK-R and
KPN_cpxR-F/KPN_cpxR-R, respectively (Table S1). The PCR ampli-
ﬁed products were digested with NdeI and BamHI, ligated into
the vector pET28C, and transformed into Novablue E.coli to ob-
tain pET-His-KpnK and pET-His-CpxRKP. KpnK and CpxRKP protein
were puriﬁed from BL21(DE3) cells as previously described
[16].
2.3. Autophosphorylation under different parameters
For the in vitro kinase assays, 600 ng–8 lg puriﬁed KpnK was
incubated at 37 C for 60 min in 30 ll of kinase buffer (50 mM
Tris–HCl pH 7.4, 10 mM MnCl2, 0.5 mM dithiothreitol) containing
2 lCi of [c-32P]ATP, as previously described [10]. The reaction
was stopped by the addition of 4  SDS–PAGE sample buffer
(30 mm Tris/HCl pH 6.8, 5% glycerol, 2.5% 2-mercaptoethanol, 1%
SDS and 0.01% bromophenol blue). After boiling the samples for
5 min, the proteins were resolved by 15% (w/v) SDS–PAGE, and
then the gels were ﬁxed in 10% glacial acetic acid, exposed to Ko-
dak X-Omat/AR ﬁlm and subsequently stained with Coomassie
Brilliant Blue R250.
For all subsequent assays, 2 lg KpnK protein was used. The ef-
fect of bivalent cations was assessed by substituting the 10 mM
MnCl2 in the reaction buffer with other divalent cations including
10 mM NiCl2, 10 mM ZnCl2, 10 mM MgCl2 and 10 mM CaCl2. To
investigate the effect of pH on the autophosphorylation ability of
KpnK, the protein was resuspended in 50 mM Tris–HCl buffer at
a range of pH values (pH 3–12), and processed in a similar manner
as described above.
The effect of incubation time (0–45 min) and temperature (25,
30, 37, 42, 60, 70 C) on the autophosphorylation ability of KpnK
was also investigated, and transphosphorylation was tested using
50 ng chicken histone protein following the procedure described
before [17].
2.4. Western blotting
Phosphoamino acid analysis using primary antibodies speciﬁc
for anti-phosphoserine, anti-phosphothreonine and anti-phospho-
tyrosine (Enzo Life Sciences, USA) was performed using standard
procedures.
2.5. Intrinsic tryptophan ﬂuorescence assay
The binding of ATP to KpnK was monitored by changes in the
intrinsic tryptophan ﬂuorescence capability of the kinase. KpnK
was diluted in 2 ml of buffer (25 mM Tris pH 7.4, 0.1 mM MnCl2)
and the ﬂuorescence measurements were carried out at 25 C
using a RF-5301PC spectroﬂuorometer Shimadzu (Perkin Elmer,
Japan).2.6. Construction of the kpnK deletion mutant in the K. pneumoniae
strain MGH78578
Brieﬂy, the vector pBS-Hyg was constructed by subcloning the
hygromycin gene fragment of pAG32 [18] into pUC4K under con-
trol of the kanamycin promoter using Xho I, to generate pBS-
Hyg. pBS-Hyg was digested using Xba I and end ﬁlled to create
blunt ends. Next, a 617 bp internal fragment of kpnK from the
MGH78578 gene was ampliﬁed using the primers kpnK int-F and
kpnK int-R (Table S1) and cloned into pBS-Hyg.
Using universal primers, the hygromycin cassette and kpnK
fragment of pBS-Hyg was ampliﬁed and cloned into the Klenow-
ﬁlled EcoR I sites of the mini-transposon pUTKm. The resulting
pUTKm plasmid containing the hygromycin gene cassette and
internal 617 bp kpnK fragment was conﬁrmed by sequencing and
mobilized into K. pneumoniaeMGH78578 using conjugation proce-
dures [13]. The transconjugants were selected on 80 mg/L hygro-
mycin plates and the mutant clones, designated DkpnK, were
conﬁrmed by PCR analysis.
Full length kpnK including the predicted promoter region was
cloned into pCRII-TOPO-CAT using speciﬁc primers (Table S1)
and selected on 100 mg/L chloramphenicol. The resulting plasmid
(pCRII-kpnK) was conjugated into the DkpnK mutant to create
DkpnK XkpnK in order to provide KpnK protein in trans for the
complementation studies.
2.7. Tests for hypermucoviscosity
The mutant, complemented and WT strains were streaked onto
LB agar plates and incubated at 37 C overnight. A standard bacte-
riologic loop was used to stretch a mucoviscous string from the
colony. Hypermucoviscosity was deﬁned by the formation of vis-
cous strings >5 mm in length when a loop was used to stretch
the colony on agar plate which was considered the positive string
test. The strains to be tested were cultured 12 h in LB broth at 37 C
and subjected to centrifugation at 4000 rpm for 3 min to check
reduction in mucoidy.
2.8. In vitro growth curves and scanning electron microscopy
To examine bacterial growth in vitro, overnight cultures were
diluted 1:100 and then sub cultured for 10 h. Growth kinetics were
monitored in LB at pH 5.0, 6.0, 7.0 and 8.0. The growth inhibition
assay and scanning electron microscopy were performed as previ-
ously described [19,20].
2.9. Different stress challenge assays
Various stress assays were performed as described previously
[20–22]. BrieﬂyWT,mutant, and complemented strainswere grown
to mid-exponential phase (OD600 nm 0.2), and cultures were spread
onto LB agar plates containing different concentrations of NaCl
(0.075, 0.15, 0.25, 0.5, 0.75, 1 and 2 M), bile (0.2%, 0.5%, 0.75%,
1.0%, and 2.0%), SDS (1024, 2048, 4096, 8192, 16384 lg/ml),
deoxycholate (32, 64, 128, 256, 512, 1024 and 2048 lg/ml) and dis-
infectants (benzalkoniumchlorideand chlorhexidine) (3.2, 6.4, 12.8,
25.6, 51.2 lg/ml), respectively. The results are expressed as the ratio
of the number of colony forming units obtained from LB cultures
containing different concentrations of NaCl, bile and disinfectants
to the number of colony forming units obtained from control cul-
tures (LB agar alone). These experiments were performed at least
three times.
2.10. Oxidative stress tolerance assay
In this susceptibility test, small Whatman 3MM paper disks
(6 mm) were impregnated with different amount of H2O2 (10 ll
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sensitivity of cells to oxidative stress was tested by exposing sta-
tionary-phase bacteria diluted in LB medium (OD600 nm 0.2) at
37 C to 0.07894, 0.7894, 1.5788, 2.3682 and 3.1576 mM for 1 h.
Viable cells were counted by plating them onto agar plates before
and after exposure to H2O2, and results are expressed as survival
percentages.2.11. Nitrosative stress tolerance assay
Sodium nitroprusside (SNP) were used to generate nitrosative
stress to check cell growth against these NO releasing agents.
Growth of cultures against SNP was determined as described pre-
viously [23]. Brieﬂy, different strains were grown aerobically in LB
medium up to OD600 nm of 0.2. The cells were then treated with dif-
ferent concentrations of SNP (10, 20 and 30 mM) and growth was
monitored at OD600 nm at an interval of every 1 h.2.12. Antibiotic susceptibilities assay
Strains in this study were examined for resistance to differ-
ent antibiotics by using commercial disks (Hi Media, Bombay,
India) as described previously [20], according to the criteria
recommended by Clinical and Laboratory Standards Institute CLSI
[24].
MIC of antibiotics was tested using E-strips. Interpretation was
done as per the criteria approved by CLSI. E. coli ATCC 25922 was
used as a reference strain (control) as recommended.2.13. Flourimetric efﬂux assay
Accumulation of ethidium bromide was monitored as described
previously [19]. Brieﬂy, bacterial cells were grown to mid-log
phase, harvested, and suspended in 1 phosphate buffered saline
(0.136 M NaCl, 0.0026 M KCl, 0.01 M Na2HPO4, 0.00176 M KH2PO4;
pH 7.0) to an optical density at OD600 nm = 0.2. Ethidium bromide
was added at a concentration of 10 mg/L. Aliquots were taken at
different time intervals, harvested, suspended in 1 ml of 0.1 M gly-
cine HCl buffer (pH 2.3), and incubated for 6 h at 37 C, and the
ﬂuorescence of the supernatant was measured with excitation
530 nm and emission 600 nm. Where indicated, the proton motive
force uncoupler CCCP was added to the assay mixture at a ﬁnal
concentration of 25 mg/L.2.14. OMP preparation
OMPs were puriﬁed by the method as described previously [20].
Cells were harvested by centrifugation 5000 g for 15–20 min and
were suspended in 50 mM Tris–HCl buffer (pH 7.4) containing
5 mM phenylmethylsulfonyl ﬂuoride and sonicated for 15 min.
The crushed material was treated with DNase and RNase (each at
100 lg/ml), and the unbroken cells were removed by centrifuga-
tion (10,000g for 10 min). The crude envelope fraction was col-
lected from the supernatant by centrifugation at 105,000g for
1 h at 4 C. The pellet containing the crude envelope fraction was
treated with 0.5% (wt/vol) sarkosyl (Sigma) solution to selectively
solubilise the inner membrane part. The insoluble OM fraction
was recovered as pellet by centrifugation at 105,000g for 1 h at
4 C. The pellet was washed and stored at 20 C until used. Pro-
tein contents of membrane preparations were determined by the
method of bicinchoninic acid method (Pierce BCA protein assay
kit, cat# 23225) with bovine serum albumin (BSA) (Sigma) as stan-
dard. Using anti-His antibody the cellular localization of KpnK was
determined.2.15. Electrophoretic mobility shift assay
The ability of puriﬁed CpxRKP to bind the kpnK promoter was
examined using the electrophoretic mobility gel shift assay
(EMSA). The 190 bp kpnK promoter fragment was ampliﬁed using
kpnK prom-F and kpnK prom-R primers (Table S1). Brieﬂy, end-la-
beled (using [c-32P] ATP) PCR products were incubated with
increasing concentrations (in a range of 50 to 500 nM) of CpxR in
binding buffer (10 mM Tris–HCl, pH 8.0, 2 mM EDTA, 0.5 mM
DTT, 50 mM NaCl, 10% glycerol, and 1 lg of poly(dIdC). The com-
plexes were run on 5% native polyacrylamide gel electrophoresis
gels for 2 h. The gel was then dried and exposed to the phosphor
screen for image analysis. To conﬁrm that the interaction between
CpxR and the predicted promoter region of kpnK was speciﬁc,
experiments with competitive (speciﬁc: 10-fold excess of cold pro-
moter and non-speciﬁc: poly dI-dC) and non-competitive inhibitor
(BSA) were also performed.
2.16. RNA isolation and real-time reverse transcription PCR (RT-PCR)
Total RNA was extracted from the log-phase cultures of wild-
type and kpnK mutant using the RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions. Total RNA was digested
with DNase I to ensure the removal of contaminating genomic
DNA prior to cDNA synthesis. Aliquots of 500 ng of DNase I trea-
ted total RNA served as template for complementary DNA (cDNA)
synthesis using SuperScript III Reverse Transcriptase (Invitrogen).
The cDNA samples were diluted 1:100 and 2 ll was used per
25 ll quantitative PCR reaction for efﬂux pumps performed using
gene speciﬁc primers (Table S1). Gene expression levels were
monitored by real time RT-PCR using Maxima SYBR Green qPCR
master mix (Fermentas) in an iCycler thermal cycler (Bio-Rad)
and the melting curve analysis were carried out to conﬁrm ampli-
ﬁcation of a single product. Total RNA was isolated from at least
two separately grown replicate cultures. All real time RT-PCR
experiments were performed in triplicate, with rpoB as an inter-
nal control.
2.17. Bioinformatic and statistical analysis
Multiple sequence alignments were carried out using Clustal
(www.ebi.ac.uk) [25]. All data are presented as mean ± the stan-
dard error of the mean (S.E.M.). Statistical analysis was performed
on the raw data using the paired Student’s t-test; P values <0.05
were considered signiﬁcant.
3. Results
3.1. In silico analysis
According to the MiST2 database (http://mistdb.com), K. pneu-
moniae MGH78578 contains 500 uncharacterized signaling pro-
teins. In order to elucidate the pivotal functions of ESTK
mediated signaling in bacterial physiology of K. pneumoniae we
tried to decode the functions of 987 bp of KPN_04169 open reading
frame which codes for a predicted 328aa protein of mass 39 kDa
which displayed homology to eukaryotic-like Ser/Thr kinases. This
putative K. pneumoniae ESTK lacks the co-transcribing phosphatase
domain as observed and characterized in many other bacteria such
as P. aeruginosa, S. agalactiae, S pneumoniae, S pyogenes, S. mutans
and B. subtilis. Hydrophobicity plots predicted KPN_04169 to be a
soluble protein with no transmembrane domains. The protein
exhibits signiﬁcant sequence identities with other bacterial homo-
logs and contains the conserved ATPase domain as well as a sub-
strate binding pocket (Fig. S1), clearly indicating that KPN_04169
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worthy of further characterization.
3.2. KpnK is a functional eukaryotic-type Ser/Thr kinase
To characterize K. pneumoniae KpnK biochemically, we cloned
KPN_04169 into pET28C to generate pET-His-KpnK (Fig. S2A),
and determined the activity of puriﬁed KpnK using in vitro phos-
phorylation reactions. The purity was checked by silver staining
(Fig. S2B) and by utilizing anti-his antibody we determined that
KpnK localizes in the inner membrane of the bacterial cell
(Fig. S2C). Autophosphorylating ability of KpnK was efﬁcient in
the presence of Mn2+ as compared to the presence of Ni2+, Zn2+,
Mg2+ or Ca2+, indicating that K. pneumoniae Ser/Thr kinase utilizes
manganese ion as the cofactor (Fig. 1A). The phosphorylating abil-
ity of KpnK increased in a concentration (Fig. 1B) and time (Fig. 1C)
dependent manner. The kinase activity of KpnK was most efﬁcient
at 37 C (Fig. 1D) and between pH 7.0 and 7.5 (Fig. 1E). It could also
catalyze phosphotransfer to the non-speciﬁc, model substrate,
chicken basic protein, (Fig. 1F, lane 3).
Western blotting with antiphospho Ser/Thr/Tyr antibodies re-
vealed that KpnK speciﬁcally phosphorylated serine and threonine
residues primarily as bands were seen in only those lanes which
were pretreated with antiphospho Ser/Thr antibodies (Fig. 2A lane
1 and 3). Binding of ATP to KpnK was monitored by changes in the
intrinsic tryptophan ﬂuorescence capability of the kinase. Results
from the tryptophan ﬂuorescence assay conﬁrmed the phosphory-
lation activity of KpnK, which proportionally increased when both
protein (Fig. 2B) and ATP (Fig. 2C) concentrations were increased.Fig. 1. In vitro phosphorylation of KpnK. (A) 2 lg of puriﬁed, recombinant KpnK was inc
(lane 2), 10 mM ZnCl2 (lane 3), 10 mM MnCl2 (lane 4), 10 mM MgCl2, (lane 5) and 10
concentration dependent manner for 60 min lane 2 (600 ng), lane 3 (800 ng), lane 4 (1 lg
[c-32P] ATP for different time period lane 2 (0 min), lane 3 (10 min), lane 4 (15 min), lan
phosphorylation. (D) 2 lg of KpnK was incubated with [c-32P] ATP at different temperatur
(70 C) to monitor the effect of time on phosphorylation. (E) 2 lg of KpnK was incubated
(7.4), lane 5 (8.0), lane 6 (12.0). In all the experiments, proteins were resolved on SDS–P
times and only representative autoradiographs (upper panel)/ stained gels (lower panel)
[c-32P] ATP (lane 1) and chicken histone protein in lane 2 and only the substrate in laneOverall, observations strongly indicated that KpnK is a autop-
hosphorylating eukaryotic-type Ser/Thr kinase with phosphotrans-
fer capacity.
3.3. Deletion of kpnK results in stunted growth and defect in cellular
morphology
To determine the physiological role of kpnK, a kpnKmutant of K.
pneumoniaeMGH78578 was constructed by conjugation procedure
as described previously [13]. The mucoid slimy nature of cells is
indicative of an overproduction of a capsule like polysaccharide
in K. pneumoniae, but in our study no signiﬁcant difference in cap-
sule synthesis between the K. pneumoniae WT strain and its kpnK
mutant was detected (data not shown).
It was observed that the density of growth of DkpnK mutant in
LB was reduced by 1.64-, 1.10-, 1.38-, 0.8-fold at pH 5.0, 6.0, 7.0,
8.0, respectively as compared to WT [P = 0.055] (Fig. S3A). The
other pH values tested (3.0 and 12.0) were toxic to both cultures.
Scanning electron microscopic images of WT cells revealed normal
rods of 1–2 lm (S.D. ± 0.052) based on assessment of 30 individual
intact cells. In contrast, DkpnK were remarkably elongated to
3.287 lm (Fig. S3B), demonstrating that deletion of kpnK signiﬁ-
cantly affected the growth of K. pneumoniae.
3.4. Role of kpnK in gastrointestinal stress-associated challenge
The ability of WT and DkpnK to grow in the presence of various
concentrations of NaCl was tested. The physiological concentration
of NaCl is 150 mM [22]. When mid-log phase cultures wereubated in kinase buffer with [c-32P] ATP and different divalent cations 10 mM NiCl2
mM CaCl2 (lane 6). (B) KpnK was incubated in kinase buffer with [c-32P] ATP in a
), lane 5 (2 lg), lane 6 (4 lg) and lane 7 (8 lg). (C) 2 lg of KpnK was incubated with
e 5 (30 min), lane 6 (20 min) and lane 7 (60 min) to monitor the effect of time on
e lane 2 (25 C), lane 3 (30 C), lane 4 (37 C), lane 5 (42 C), lane 6 (60 C) and lane 7
with [c-32P] ATP using reaction buffer at different pH lane 2 (3.0), lane 3 (6.0), lane 4
AGE and visualized by autoradiography. Experiments were repeated at least three
are shown here. (F) Puriﬁed, recombinant KpnK was incubated in kinase buffer with
3.
Fig. 2. Phosphoamino acid analysis and tryptophan ﬂuorescence spectra. (A) KpnK
was phosphorylated in vitro in presence of ATP, analyzed by SDS–PAGE, electro-
blotted onto an immobilon polyvinylidene diﬂuoride membrane, and treated with
antiphospho antibodies and bands that were developed in membrane pretreated
with antiphospho Ser/Thr antibodies are indicated by arrow. (B) Binding of ATP to
KpnK was monitored by changes in the intrinsic tryptophan ﬂuorescence capability
of the kinase. Change in intrinsic tryptophan ﬂuorescence is used to measure the
binding of ATP to protein. The tryptophan ﬂuorescence spectra of KpnK using
different protein concentrations. Increasing concentrations of protein were added
and the emission ﬂuorescence was scanned in the range of 280–450 nm. All spectra
were corrected for buffer ﬂuorescence, inner ﬁlter effects of ATP, and dilution
(never exceeding 2% of the original volume). (C) The tryptophan ﬂuorescence
spectra of KpnK using different ATP concentrations.
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the total CFU count of WT (measure of surviving capacity) was
higher as compared to DkpnK. The ability of DkpnK was 1.3-fold
lower at 0.25 M NaCl, 1.5-fold lower at 0.5 M NaCl, 1.9-fold lower
at 0.75 M NaCl, 1.9-fold lower at 1.0 M NaCl and twofold lower
at 2.0 M NaCl, compared to WT [P = 0.008], regardless of the inoc-
ulum size (Fig. 3A).
WT and DkpnK were exposed to different concentrations of bile
in the bile resistance assay. The physiological range of bile is 0.2%
to 2% [26]. The total CFU count of DkpnK in the presence of 0.5%bile was 1.65-fold lower than DkpnK, 1.9-fold lower in 0.75% bile,
2.4-fold lower in 1% bile and 2.5-fold lower in 2% bile, compared
to [P = 0.007]. The transcomplemented DkpnKXkpnK strain re-
stored the ability of DkpnK to tolerate stress (Fig. 3B).
3.5. Role of kpnK in other stress-associated challenge
The ability of WT to survive in the presence of 1024 lg/ml SDS
was 1.25-fold higher than DkpnK, 1.75-fold higher at 2048 lg/ml,
1.22-fold higher at 4096 lg/ml, 1.85-fold higher at 8192 lg/ml,
2.3-fold higher at 16384 lg/ml, compared to DkpnK [P = 0.002]
(Fig. 3C).
The ability of DkpnK to withstand different concentrations of
deoxycholate (32, 64, 128, 256, 512, 1024 and 2048 lg/ml)was re-
duced by 1.75- to 2.0-fold at higher concentrations, respectively
(Fig. 3D). Overall, these results imply that kpnK had a contributory
role towards varied stress tolerance in K. pneumoniae.
3.6. Role of kpnK in oxidative and nitrosative stress tolerance
Analysis of oxidative disc diffusion assay data showed that kpnK
mutant displayed an increased zone size (difference of
19.2 ± 2.0 mm; [P = 0.01]) when compared to WT clearly demon-
strating the sensitivity of kpnK to oxidative stress tolerance in K.
pneumoniae (Fig. 4A). The sensitivity of stationary-phase cultures
to oxidative stress was tested by exposing them to a range of
H2O2 concentrations for 1 h. Only 67% of the DkpnK cells survived
upon treating with 0.07894 mM hydrogen peroxide in comparison
to the 95% survival observed in wild-type cells (Fig. 4B).
To test whether the presence of K. pneumoniae kpnK provides
any protection against NO donor and nitrosative stress, we com-
pared the growth proﬁles of WT and DkpnK in the presence of dif-
ferent concentrations of the NO donor sodium nitroprusside (SNP).
Growth kinetics of DkpnK cells were 2.4-fold lower than the WT
in the presence of 10 mM SNP [P = 0.01], growth was10-fold low-
er at 20 mM [P = 0.02] and 30 mM SNP [P = 0.02], respectively (data
not shown).
3.7. Deletion of kpnK inﬂuences active efﬂux in K. pneumoniae
The antibiotic susceptibilities of WT and DkpnK were deter-
mined, to evaluate the impact of kpnK deletion on antibiotic resis-
tance. The mutant displayed a higher sensitivity to the b-lactam
group of antibiotics, namely cefepime, ceftriaxone, ceftazidime,
imipenem (Fig. 5A) [P = 0.01]. The minimum inhibitory concentra-
tions (MIC) of cefepime, ceftriaxone, imipenemwere twofold lower
in DkpnK and the ceftazidime MIC was threefold lower in DkpnK,
compared to WT (Table 1), indicating that kpnK participates in
antibiotic resistance. To decipher whether kpnK confers antibiotic
resistance by affecting drug efﬂux, screening for a potential efﬂux
phenotype was accomplished by determining the growth proﬁle
of WT and DkpnK in the presence of antibiotics and carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP) (10 lg/ml) as described in
methods section. The growth rate of DkpnK in the presence of
0.005 lg/ml chloramphenicol was >1.5-fold lower than the WT
[P = 0.007]. The addition of CCCP drastically reduced the growth
in both strains as the action of antimicrobials was restored
(Fig. 5B). Results described here demonstrated that deletion of
kpnK impaired the active efﬂux capacity in K. pneumoniae. The EtBr
accumulation data indicate that the efﬂux was most efﬁcient in the
WT, whereas it was less efﬁcient (increased accumulation of 2.5-
fold for EtBr) in DkpnK. The addition of CCCP increased the EtBr
levels which eventually reached a plateau in both WT and DkpnK
(Fig. 5C). Overall, these preliminary results suggest that deletion
of kpnK possibly affects active efﬂux in K. pneumoniae.
Fig. 3. Stress challenge assays. (A) The percentage of resistance to different concentration of osmotic (NaCl) stress (0.075, 0.15, 0.25, 0.5, 0.75, 1 and 2 M) for WT, DkpnK and
DkpnKXkpnKwas calculated by comparison to the numbers of viable cells in control. (B) The percentage of resistance to bile (0.2%, 0.5%, 0.75%, 1.0%, and 2.0%) was calculated
by comparison to the numbers of viable cells in LB medium alone. (C) The percentage of resistance to SDS (1024, 2048, 4096, 8192, 16384 lg/ml) was calculated by
comparison to the numbers of viable cells in LB medium alone. (D) The percentage of resistance to deoxycholate (32, 64, 128, 256, 512, 1024 and 2048 lg/ml) was calculated
by comparison to the numbers of viable cells in LB medium alone.
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The percent survival of DkpnK cells was reduced by 12% when
exposed to 6.4 lg/ml of benzalkonium chloride [P = 0.045]
(Fig. S4A). The percentage DkpnK survival was 100% lower than
WT when exposed to the lowest concentration of chlorhexidine
(Fig. S4B) [P = 0.18], indicating that kpnK plays a contributory role
in conferring disinfectant resistance to K. pneumoniae. In conclu-
sion involvement of kpnK in mediating antibiotic resistance via ef-
ﬂux mechanism and its added contribution towards disinfectant
tolerance has been demonstrated for the ﬁrst time in K. pneumo-
niae MGH78578.
3.9. Outer membrane protein
A reduction in the permeation of antibiotics is generally related
to a decrease in porin expression or an alteration in the porin struc-
ture. Thus, we compared the OMP proﬁles of DkpnK with WT to
ﬁnd out whether a kpnK deleted mutant expresses alternative por-
ins/OMPs to maintain normal cellular functions. It was interesting
to note that there was a slight difference in the OMP proﬁles of mu-
tant compared to wild type (Fig. S5).
3.10. Regulation of kpnK by CpxRKP in K. pneumoniae
In E. coli, the target genes of the response regulator CpxR con-
tain conserved CpxR binding sites within their upstream regulatoryregions. The conserved region includes the sequence GTAAA [27]. A
recent study in E. coli indicated that strong regulation by CpxR cor-
relates with the presence of the GTAAA motif within the 100 bp
upstream of the transcriptional start site [28]. This sequence is
present in the kpnK regulatory region (Fig. 6A). To investigate the
mechanisms regulating the transcription of kpnK, we tested
whether CpxRKP directly interacts with the kpnK predicted pro-
moter region. The cpxRKP gene was cloned and expressed to yield
a 24 kDa protein (Fig. 6B), and EMSA assays were performed
using a 32P-labeled DNA fragment containing the kpnK predicted
promoter region. A signiﬁcant gel shift was observed when CpxRKP
was added to the reaction mixture, compared to control reactions
without CpxRKP (Fig. 6C). When non-competitive (bovine serum
albumin) and competitive inhibitors (a 10-fold excess of cold pro-
moter) were added (data not shown) in independent experiments,
we did not observe any binding nor shift. These results indicate
that CpxRKP has speciﬁc afﬁnity for the CpxRKP binding sites in
the kpnK predicted promoter region.
3.11. Expression analysis of kpnK in mutant in K.pneumoniae
A cpxAR mutant in K. pneumoniae MGH78578 was constructed
by following standard procedures and qRT-PCR revealed that
expression of kpnK was decreased by twofold in the corresponding
mutant (data not shown).
Quantitative real-time RT-PCR (qRT-PCR) was used to examine
expression of the efﬂux transporter genes in wild-type, kpnK
Fig. 4. Oxidative stress assays. (A) Oxidative stress response of WT and DkpnK
mutant. The ability of WT and DkpnKmutant to combat different levels of hydrogen
peroxide stress (3%, 10% and 30%) was measured by disc diffusion assay. (B) Survival
of K. pneumoniae andDkpnK strains upon exposure to oxidative stress with 0.07894,
0.7894, 1.5788, 2.3682 and 3.1576 mM. After 1 h of treatment with 0.07894 mM
hydrogen peroxide, only 67% of DkpnK cells survived in comparison to 95% of the
wild-type cells. The differences between the mutant and its parental wild-type
strain are statistically signiﬁcant (P < 0.05) for all H2O2 concentrations. The standard
errors of the means from three independent assays are shown.
Fig. 5. Antibiotic susceptibility testing. (A) The Kirby Bauer disc diffusion assay was
performed with different antibiotics (CA30, CPM30, CI30, CL30, VA10, TB10, AMK10,
S10, NA30, TR5, E15 and T30) using commercial disks. Data for representative drugs
from each class have been shown here. (B) Inactivation assays using chloramphen-
icol (0.005 lg/ml). The efﬂux pump inhibitors CCCP was used at a concentration of
10 lg/ml in the experiment. The mean values of three independent experiments
have been used for plotting the graph. (C) Accumulation studies using 5 lg/ml of
EtBr with K. pneumoniae, and DkpnK. Instead of sodium phosphate buffer,
phosphate buffered saline (0.136 M NaCl, 0.0026 M KCl, 0.01 M Na2HPO4,
0.00176 M KH2PO4; pH 7.0) was used, and cell lysis was carried out for 6 h. The
ﬂorescence of the supernatant was measured at excitation at 530 nm and emission
at 600 nm, using a spectrophotometer spectroﬂourophotometer (Shimadzu). Where
indicated (after 20 min of incubation with the substrate), the proton motive force
uncoupler CCCP was added to a ﬁnal concentration of 25 lg/ml. Relative ﬂorescence
intensity on the y axis represents the levels of accumulated EtBr in the bacterial
cells. The graph reﬂects the difference in the ﬂorescence shown by the bacterial cell
in the presence and absence of the inhibitor CCCP. Each data point represents the
mean plus the standard deviation of three independent experiments.
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viously [20]. Compared to the wild-type strain, expression of resis-
tance-nodulation-cell division (RND) efﬂux pump such as acrB,
kmrA and eefB genes were decreased by threefold (±0.03), 1.5-fold
(±0.18) and twofold (±0.25), respectively in the kpnK mutant
(P < 0.0005 Student’s t test.). These results provide evidence for
the additional regulatory role of KpnK on MDR efﬂux pumps. The
down regulation of these pumps could be the molecular mecha-
nism underlying the sensitivity of kpnK mutant to hydrophobic
agents tested in this study.
4. Discussion
During the last two decades, the main etiological agent of pyo-
genic liver abscess, K. pneumoniae, has been identiﬁed in polymi-
crobial infections, such as E. coli, Streptococci, and anaerobic
bacteria, with a prevalence of up to 78% in Taiwan and 41% in
the United States [29,30]. The K. pneumoniae strain MGH 78578
was isolated from a patient with nosocomial pneumonia [14]. De-
spite a worldwide increase in the incidence of K. pneumoniae infec-
tions, surprisingly little is known about the virulence factors or
Table 1









Ceftriaxone 16 8 2 16
Imipenem 0.5 0.25 2 0.5
Cefepime 8 4 2 8
Ceftazidime 24 8 3 20
E-strips were used to determine the precise MIC for different group of antibiotics
following the CLSI guidelines.
a Fold change is the ratio of MICs for WT and DkpnK.
V.B. Srinivasan et al. / FEBS Letters 586 (2012) 3778–3786 3785signaling networks in this organism; despite the fact that charac-
terization of these factors and networks may provide novel targets
for anti-infection strategies.
In this study we characterized and revealed the function of a
putative bacterial Ser/Thr kinase, kpnK, which is novel 328 aa K.
pneumoniae MGH78578 protein. Like the Ser/Thr-kinases of S. aga-
lactiae, S. pyogenes, Y. pseudotuberculosis, P. aeruginosa and B. subtil-
is, KpnK catalyzed autophosphorylation at Ser and Thr residues [9].
Kinases are often activated via autophosphorylation; however,
KpnK does not contain the canonical activation loop region which
is often present in eukaryotic kinases [7]. Site-directed mutagene-
sis studies are highly warranted to identify the critical residues
that are important for autophosphorylating function of KpnK. The
phosphorylated KpnK and its corresponding dephosphorylated
moiety did not differentially migrate on SDS–PAGE, indicating thatFig. 6. Gel shift mobility assays with puriﬁed CpxRKP. (A) Promoter region analysis of
probable 35 and 10 region in the promoter is underlined. (B) SDS–PAGE proﬁle of pE
induced, Lane 4–6: puriﬁed CpxRKP fraction E1, E2, E3, respectively, Lane 1 and 7: mediu
CpxRKP and radiolabelled kpnK promoter fragment. Arrow indicates complex and free pKpnK is structurally and functionally different from the other char-
acterized prokaryotic ESTKs. The kpnK mutant strain was more
sensitive to bile salts (>1.5-fold) and elevated levels of NaCl
(>1.3-fold) than the wild-type strain, indicating that kpnKmay play
a crucial role in the primary stage of bacterial infection, which in-
volves colonization of the patient’s gastrointestinal tract where
both bile and salt are present in high concentrations. Insertional
inactivation of kpnK rendered the organism >1.6-fold more sensi-
tive to oxidative stress-inducing agents, including H2O2. In a simi-
lar manner, Stk1 has been shown to regulate the oxidative stress
response in S. agalactiae [10].
Interestingly, kpnK deletion resulted in increased susceptibility
to the b-lactam group of antibiotics, namely cefepime, ceftriaxone,
ceftazidime and imipenem. In a previous study, deletion of the Ser/
Thr kinase PrkC in Enterococcus faecalis resulted in increased sus-
ceptibility to b-lactam antibiotics, which act on the cell wall and
increase cell wall fragility [12]. Alterations in the cell wall structure
and cell division, and increased antibiotic susceptibility have been
attributed to the absence of Ser/Thr kinases in Staphylococcus aur-
eus, due to the recruitment and regulation of penicillin-binding
proteins and other proteins necessary for cell wall synthesis and
division [11]. Our observations provide additional evidence for
the speciﬁc participation of ESTKs in bacterial antibiotic resistance.
Future studies to unravel the impact of Ser/Thr phosphorylation by
KpnK on the expression of antibiotic degrading or modifying en-
zymes are highly warranted. It is also pertinent to state that this
study provides the ﬁrst experimental evidence to indicate the
involvement of KpnK in the conference of resistance to disinfectantKpnK. The numbers in brackets represent the distance from the start codon. The
T-CpxRKP. Lane 2: pET-CpxRKP /BL21DE3 uninduced, Lane 3: pET-CpxRKP /BL21DE3
m size marker. (C) Gel shift assays using different concentrations (8, 12, 20 lM) of
robe.
3786 V.B. Srinivasan et al. / FEBS Letters 586 (2012) 3778–3786in K. pneumoniae. From the results of RT-PCR and EMSA data we
found that enzyme expression is down regulated in the cpxAR mu-
tant and is therefore a member of the cpx regulon. As the roles of
bacterial ESTKs continue to be elucidated, and their presence and
function continue to be noted in prokaryotes, the role of divergent
evolution and horizontal gene transfer in the establishment of sig-
nal transduction mechanisms may become an area of great interest
and potential.
The present study provides a number of important insights into
bacterial ESTKs, and indicates that these enzymes have the poten-
tial to serve as potential targets for novel alternative antibiotic
therapeutic strategies.
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